It is generally accepted that acute painful experience is influenced by context information shaping expectation and modulating attention, arousal, stress, and mood. However, little is known about the nature, duration, and extent of this effect, particularly regarding the negative expectation. We used a standardized longitudinal pain paradigm and painful heat test stimuli in healthy participants over a time course of 8 consecutive days, inducing nociceptive habituation over time. Thirty-eight healthy volunteers were randomly assigned to two different groups. One group received the information that the investigators expected the pain intensity to increase over time (context group). The other group was not given any information (control group). All participants rated the pain intensity of the daily standardized pain paradigm on a visual analog scale. In agreement with previous studies the pain ratings in the control group habituated over time. However, the context group reported no change of pain ratings over time. Functional imaging data showed a difference between the two groups in the right parietal operculum. These data suggest that a negative context not only has an effect on immediate pain but can modulate perception of pain in the future even without experience/conditioning. Neuronally, this process is mediated by the right opercular region.
Introduction
In recent years, a lot of effort has been put into understanding placebo analgesia, whereas relatively little research has focused on its negative equivalent, the nocebo effect. The nocebo effect refers to a worsening of symptoms when a subject relates the specific treatment to a negative outcome (such as that an inert substance or intervention will induce a hyperalgesic response) (Colloca and Benedetti, 2005) . Whereas the effect of positive expectation is thought to be mediated by brain circuits typically involved in reward responses and motivated behavior (Enck et al., 2008) , little is known regarding which brain areas integrate nociceptive input with negative contextual information and memory to provide cognitive exacerbation of pain affect. The few studies investigating nocebo effects using functional imaging described an involvement of the affective-cognitive pain pathway (medial pain system), namely the ACC, insula, operculum, prefrontal cortex, and hippocampus, and the authors administered inert treatment (sham acupuncture) in combination with a conditioning manipulation model that effectively made the participants believe that the treatment would enhance the pain experience.
The authors reported that using this model, the subjective pain intensity ratings increased significantly more in the nocebo condition than in the control condition in which no expectancy/ conditioning manipulation was performed. Given that the functional imaging findings were primarily located in the affective-cognitive pain pathway, the authors concluded that their results underline the important role of anxiety in this process (Kong et al., 2008) . This study was in part consistent with earlier studies (Sawamoto et al., 2000; Koyama et al., 2005; Keltner et al., 2006) , namely that during nocebo hyperalgesia, brain activity in the ACC, insula, and operculum increases significantly during nocebo conditions. However, all of these studies investigated the immediate nocebo effect, i.e., effects that happen during the same session that the nocebo context (expectation of increased pain intensity) was given. This is highly relevant for the acute pain experience, but we know little regarding repetitive or longer pain experiences. How long into the future is the information that a doctor gives to his patient relevant, when the natural development of the condition is stable? We know that placebo and nocebo have immense immediate effects on pain perception but would expect that, if the given context is thwarted by the daily experience, the brain would recognize this prediction error and follow the natural outcome of repetitive input, i.e., habituate toward this stimulus. But is this true? Could negative expectation that is raised only once last for several days and counteract the natural course of perception? From a clinical point of view, two questions are important: How long is a negative context effective and how is its content processed, perceived, and modulated in the healthy human brain when negative expectations are raised toward repeated painful stimulation over several days?
Habituation is generally defined as progressively smaller responses elicited by repeated stimuli (Glaser, 1966) . Repetitive nociceptive stimulation in healthy subjects lessens the pain perception over time and causes habituation. This process is in part mediated by the antinociceptive system (Bingel et al., 2007; Teutsch et al., 2008) .
The objective of the current study was to address how a negative manipulation that is only given once at the first day of an 8 d study phase can modulate the experience of pain immediately and in the following days of painful stimulation. Additionally, we were interested in which neural processes underlie these processes.
Materials and Methods

Subjects
A total of 44 healthy right-handed subjects (29 female) participated in the study. Four participants of the context group were excluded due to illness (n ϭ 1), pregnancy (n ϭ 1), technical problems (n ϭ 1), and withdrawal from the experiment (n ϭ 1). Two participants of the control group were excluded due to illness. This left complete datasets of 38 (25 female) participants. All participants were between 20 and 49 years old (mean age: context group 28.3 SD ϭ 6.1, control group 30.5 SD ϭ 7.6) and gave written informed consent acknowledging that (1) they would experience experimental pain stimuli, (2) all methods and procedures were clearly explained, and (3) they were free to withdraw from the experiment at any time. The study was conducted in accordance to the declaration of Helsinki and approved by the local Ethics Committee. All subjects had normal pain thresholds in the age-and gender-adjusted range and no history of any neurological or psychiatric disease. Particularly, none of the participants had any history of chronic pain, or acute pain up to 4 weeks before and during the study period.
Pre-experimental phase and subjects' instruction
A separate introductory session giving a detailed briefing about the experimental protocol was provided to all subjects 1-2 d before the actual experimental phase. During this session, all subjects made themselves familiar with the stimulation and rating procedures. Moreover, pain thresholds were determined using the method of limits (Engen, 1971; Fruhstorfer et al., 1976) .
The participants were then randomly distributed into two different groups. All subjects were informed that the purpose of the current study was to investigate the behavior of the CNS in response to repetitive painful stimulation. The context group (n ϭ 22) was additionally informed that repeated pain over several days will increase the pain sensation over time, e.g., from day to day. This information was given as a text sheet including a graph for visual illustration of the expected outcome before the heat pain stimulation series commenced. To guarantee that the essential instruction was perceived and understood, subjects read out the instruction to the examiner, and afterward, both examiner and subject signed this text. The second group (age and gender matched, n ϭ 22) served as a control group without any additional information.
Study design
The paradigm used was designed to achieve tolerable but effective nociceptive stimulation that could be repeated over several days without causing skin damage. For this purpose, a repetitive stimulation with a 48°C thermode-induced heat stimulus was applied, which inevitably activates peripheral heat nociceptors and evokes a moderate to intense painful sensation. The study phase consisted of an 8 d program of daily painful stimulation and has been used before by our group (Bingel et al., 2007 Teutsch et al., 2008) . On each day, the subjects were exposed to one session of painful stimulation and pain ratings. Each stimulation session consisted of 10 blocks of heat stimuli with each block containing a series of six 48°C stimuli (each lasting 6 s), resulting in a total number of 60 thermal stimuli. The interstimulus interval lasted 6 s. Thermal stimuli were applied to the left volar forearm and delivered by a 30 ϫ 30 mm Peltier device (TSAII, Medoc). Five seconds after the sixth thermal stimulus of each pain block, the subject was prompted to rate the average sensation for the last six painful stimuli on a 0 -100 visual analog scale (VAS) with a button box. The VAS consisted of a bar moving from the left to the right end of the visual screen indicating sensations from 0 (no sensation) to 100 (maximum pain) The VAS was programmed using Presentation and presented on a visual computer screen during the training and the imaging sessions. To evaluate changes in pain processing and pain perception over time, functional MRI was performed on days 1 and 8 of the experimental phase, as well as 90 d after the stimulation epoch for 1 d. Exactly the same protocol was used on all days, i.e., on each day of the program including the scanning days. Pain thresholds at the site of stimulus application were obtained analogous to the pre-experimental phase (methods of limits) on each scanning day before the scanning procedure. Skin conductance levels were measured in parallel to fMRI measurements on each scanning day during the experiment.
Data acquisition
Skin conductance level. Skin conductance levels (SCLs) were obtained using Ag/AgCl electrodes (Red Dot monitoring electrode; 3M Health Care) attached to the hypothenar of the subjects' left hands. The same dermatome (C8) was chosen for both electrodes to control for possible recording differences between dermatomes. CED 2502 was used to amplify the skin conductance signal, a CED micro1401 mkII to digitize the signal at 100 Hz, and Spike2 software to record and store the data (all equipment by Cambridge Electronic Design).
All data were resampled to 10 Hz, smoothed with a 1 s Gaussian kernel (full width at half maximum), and z-transformed, and then an ANOVA with repeated measurement including time as a within-subject factor (days 1-8) and group as a between-subject factor (context vs control) was calculated. Amplitudes were determined as the mean in the analysis interval.
Image acquisition. The fMRI acquisition was performed on a 3 tesla Siemens TRIO MRI System with a 12-channel headcoil. For the functional scans, 42 axial slices with a thickness of 3 ϫ 3 ϫ 3 mm (no gap) were obtained using a gradient echo-planar (EPI) T2-sensitive sequence (TR 2.62 s, TE 30 ms, flip angle 80°, field of view 192 ϫ 192 mm). Structural T1-weighted MRI-scans were acquired additionally for each subject by using a 3D-FLASH sequence (TR 15 ms, TE 4.9 ms, flip angle 25°, 1 mm slices, field of view 256 ϫ 256; 240 slices).
Image processing and statistical analysis (fMRI). Image preprocessing and statistical analysis were performed with SPM5 (www.fil.ion.ucl.ac. uk/spm) running under Matlab (MathWorks). Preprocessing involved realignment on the first EPI-volume, spatial normalization (Friston et al., 1994) to a standard EPI template (Evans et al., 1994) , and smoothing with a 10 mm Gaussian kernel. For data analysis, the approach of the general linear model (GLM) was used, modeling the events "pain" and "motor response" (related to the VAS rating) and, moreover, the value of the VAS rating as a parametric regressor in a first-level matrix for each subject and session. The realignment parameters served as additional regressors (cutoff 3 mm translation and rotation). Coefficients for all regressors were estimated with the approach of least squares, and effects were tested with appropriate linear contrasts of the parameter estimates for the hemodynamic response function (HRF) regressor, resulting in a t value for each voxel. The main effect of pain from the first-level analysis was used in a second level matrix to contrast groups and time intervals in a full factorial model. We were interested in effects of pain stimulation for both groups and differences between groups in all three sessions. The significance level for all contrasts was set as p Ͻ 0.001 uncorrected. Group comparisons were performed for all time intervals and additionally for days 1 and 8 separately.
In an additional model, a finite impulse response (FIR) basis function was defined to display activation time courses. The poststimulus blood oxygen level-dependent (BOLD) response was averaged and a bin width of 2.62 s was used to model a total of 10 bins from 0 to 26 s after stimulus onset as regressors. This basis set uses each time bin individually to model the BOLD response at that time. Following a first-level analysis for each subject, all parameter estimates images were entered into a randomeffects analysis.
Behavioral data analysis. To analyze differences in pain intensity ratings and pain thresholds between days 1 and 8 with regard to both groups, an ANOVA with repeated measurement including the withinsubject factor "day" (days 1-8) and the between-subject factor "context" (context vs control) was used. Normal distribution of pain ratings were examined by using Kolmogorov-Smirnov test, and homogeneity of error variances was checked using Levene test. Greenhouse-Geisser Epsilon was used to correct for possible violations of sphericity. Pairwise comparisons and simple effect tests were calculated by using Fisher's least significant difference (LSD). Statistical significance was considered as p Ͻ 0.05. All statistical procedures were calculated using SPSS 15.0 for Windows.
Results
The pain thresholds for all subjects at the start of the study lay within the normal range of an age-and gender-matched sample of normative values, which are in accord with those provided by the manufacturer of the thermode (Wiech et al., 2005) as well as another study on normative data of various sensory tests, including heat pain thresholds from our own and cooperative laboratories (Rolke et al., 2006) .
Behavioral results
Pain intensity ratings
Analysis of the pain ratings revealed a main effect of time on pain ratings (F (8,296) ϭ 5.18, p ϭ 0.001), i.e., a linear decrease of ratings from day 1 to day 6 ( p ϭ 0.018), day 7 ( p ϭ 0.010), and day 8 ( p ϭ 0.001). A significant time ϫ context interaction revealed differences in the time course of pain ratings with respect to the context group (F (8,296) ϭ 2.67, p ϭ 0.043). Whereas the context group showed no differences in pain intensity ratings between day 1 and day 8 ( p ϭ 0.123) and between day 1 and day 90 ( p ϭ 0.529), the control group showed a significant reduction in pain ratings between day 1 and day 8 ( p ϭ 0.001) and day 90 ( p ϭ 0.032). In this group, the difference to day 1 was also significant for day 6 ( p ϭ 0.013) and day 7 ( p ϭ 0.003). Within session, both groups showed a sensitization. We conducted a t test, which showed that the groups did not differ significantly within session.
Pain thresholds
Pain thresholds were influenced by time (F (8,296) ϭ 11.54, p Ͻ 0.001) in both groups indicated by a significant increase of thresholds from day 1 to day 3 ( p ϭ 0.008), day 4 ( p ϭ 0.002), day 5 ( p Ͻ 0.001), day 6 ( p Ͻ 0.001), day 7 ( p ϭ 0.002), day 8 ( p Ͻ 0.001), and day 90 ( p Ͻ 0.001). No significant interaction with context was observed (F (8,296) ϭ 1.05, p ϭ 0.401) pointing at a similar increase of pain threshold over time from day 1 to day 90 (Fig. 1) .
Skin conductance levels
During each MR session, skin conductance level measurements were performed to detect the autonomic arousal level in response to painful stimulation. Due to technical problems, SCL-Data of 11 volunteers (context group: n ϭ 3, controls: n ϭ 8) could not be obtained. On day 1, there was no difference of skin conductance level between groups. On day 8, the skin conductance level showed a trend to increase in the context group compared to the control group. This difference did not reach significance due to the extent of noise in the data, namely a higher in-group variance than between groups. On day 90, there was again no difference between groups.
Functional imaging results
Effect of condition and effect of time
The group analysis for the repetitive painful thermal stimulation showed a significant activation in brain regions associated with pain processing (Treede, 1999; Peyron et al., 2000; Schnitzler and Ploner, 2000; Apkarian et al., 2005) in both groups for all three days [p Ͻ 0.001, uncorrected but also reaching p Ͻ 0.001 familywise error (FWE) corrected]. These areas comprise insular cortex, midcingulate cortex, parietal operculum, dorsolateral prefrontal cortex (DLPFC), secondary somatosensory cortex (SII), cerebellum, and brainstem. For t values and p values for specific regions, see Table 1 . This finding was observed for all imaging sessions (day 1, 8, and 90) .
Effect between groups
We tested for differences of activation following painful stimulation between the two groups independent of the time intervals. Contrasting the main effect of pain stimulation between groups showed a significant increase of activation of the right operculum ([x ϭ 51; y ϭ 6; z ϭ 3]; T (1,110) ϭ 3.18; p Ͻ 0.001 uncorrected) (Fig. 2) in the context group compared to the control group. Lowering the threshold to p Ͻ 0.05 uncorrected revealed the opercular activation to be bilaterally. To illustrate the time course of the BOLD signal in the peak voxel of opercular activation during the pain condition, the averaged poststimulus response resulting from FIR basis set analysis is plotted in Figure 2 .
Additionally, we performed a analysis for the group comparison on day 1 to see whether differences between groups are already evident on day 1 and found no significant differences between groups ( p Ͻ 0.001 uncorrected). Focusing on regions known to be involved in negative expectation and anxiety, such as the amygdala, we used a standard mask specified for the right amygdala (Amunts et al., 2005) and found that it survived smallvolume correction (t ϭ 1.87, peak voxel x ϭ 24, y ϭ Ϫ6, z ϭ Ϫ12). Defining ROI spheres using the WFU PickAtlas v2.4A (http://fmri.wfubmc.edu/cms/software#PickAtlas), we found additionally the bilateral insula (t ϭ 2.68), bilateral thalamus (t ϭ 2.50), and bilateral superior frontal gyrus (t ϭ 2.23) in the context group compared to the control group.
In the group contrast at day 8, the control group showed increased activation in the midbrain, compared to the context group ( p Ͻ 0.05 uncorrected). The context group showed, relative to the control group, an increase in activation in the operculum, frontal cortex, and the pons ( p Ͻ 0.05 uncorrected).
Discussion
We combined functional imaging and an expectation manipulation model to investigate the neural substrates of negative expectation over 8 d using a standardized heat pain on the left forearm. This heat pain paradigm is known to induce a robust habituation to repetitive nociceptive stimulation over time (Bingel et al., 2007; Teutsch et al., 2008; Rennefeld et al., 2010) . We observed that the control group (the group with no context-specific information) showed a significant reduction in pain ratings between day 1 and day 8, i.e., the control group habituated as expected. The context group, who received the information that pain increases over time when applied repetitively, did not habituate and reported a constant and invariable pain experience over all eight days. Of note, the context information referred specifically to the pain experience over time, and no information was given regarding the first session. As can be expected, the pain ratings in both groups were identical from day 1 until day 5, and only then diverged significantly on days 6 to 8: The control group habituated and the context group did not. The placebo effect may occur through both expectation and conditioning mechanisms (Colloca and Benedetti, 2005) , and a correlation between the degree of expected treatment effect and the subsequent placebo-induced analgesia has been observed (Price et al., 1999) . Importantly, we did not use learning or conditioning paradigms, i.e., the negative information was only once given verbally. Our finding that expectation alone can shape the outcome is in line with an earlier work by Colloca et al. (2008) , who suggested that learning is not equally important in nocebo hyperalgesia compared to placebo analgesia.
Given that most groups found that the nocebo effect may be produced through a cortical network responsible for affective/ emotional and cognitive aspects of pain perception (Kong et al., 2008) , we also obtained skin conductance levels of all participants on days 1, 8, and 90 to assess the arousal in response to painful stimulation. On days 1 and 90, there was no difference of skin conductance between groups. On day 8, the skin conductance level increased in the context group compared to the control group. This difference did not reach significance due to the extent of noise in the data, namely a higher in group variance than Figure 2 . The context group showed significant higher activation ( p Ͻ 0.001 uncorrected) of the right parietal operculum compared to the control group. Statistical parametric maps demonstrating this difference are superimposed in red on a structural T 1 -weighted MRI used for spatial normalization (upper row). Lower row, The plot is derived from an FIR basis set. Parameter estimates, diagramed on the y-axis, illustrate the averaged time course of the poststimulus BOLD signal in the peak voxel derived from the right parietal operculum at [51, 6, 3] . The red line represents the FIR of the context group, the blue line shows the FIR of the control group, and the black line presents the HRF. The x-axis indicates the poststimulus time in seconds from 0 to 26 s, and the y-axis shows the parameter estimates that are directly proportional to the BOLD signal. The hemodynamic response of the right operculum shows an identical onset and duration of the finite impulse response for both groups, whereas the extent of activation following pain stimulation is higher in the context group. between groups. Given that the finding was not significant, these data need to be seen with caution. However, the apparent difference between the control group and the context group only on day 8 (and, given the instruction, any change would have only then been suspected) suggests a higher anxiety level or perhaps anticipatory tension, contradicting a reporting bias. An even stronger argument against a reporting bias is the fact that the context group did not behave as instructed, i.e., the pain did not increase over time although the context explicitly suggested so. Thus, our data expand the knowledge of instruction effects on immediate pain experience and support the notion that a given context may modulate the perception of repetitive nociceptive input for at least 8 d into the future. This is clinically highly relevant as these findings suggest that a negative expectation raised verbally by a doctor only once in a clinical context may cause significant changes of the patient's perception in the future. It is also important to bear in mind that the patient's expectations of adverse effects at the outset of treatment may be pivotal regarding the occurrence of nonspecific side effects while taking active medication (Barsky et al., 2002) . Additionally, we show that this phenomenon is significantly associated with a selective activation of the parietal operculum. The parietal operculum has a substantial role in the cortical representation of pain (Treede et al., 2000; Fabri et al., 2002; Schlereth et al., 2003) , which is further underlined by the fact that patients with lesions in the parietal operculum suffer from deficits in pain perception (Greenspan and Winfield, 1992) . A cognitive-evaluative function of the parietal operculum is further confirmed by the parallel effects of a cognitive distracting task on the perceived intensity and the cerebral perfusion increase in the parietal operculum induced by the cold pressor test (Petrovic et al., 2000) . Electrophysiological data in humans (Schlereth et al., 2003; Iannetti et al., 2005) and clinical observations in patients with cortical lesions (Greenspan et al., 1999) suggest the potential role of the parietal operculum as a nociceptive area that is activated very early after the onset of phasic noxious stimuli. More specifically, a recent functional imaging study by Kong et al. (2008) suggested that the nocebo hyperalgesia is associated with an activation of the bilateral insula, operculum, ACC, and left S1/M1 as well as the left hippocampus. In our study, the only difference in brain imaging data between the context group and the control group was in the right parietal operculum. Lowering the threshold to p Ͻ 0.05 uncorrected, this finding is bilateral and additionally comprises the thalamus and right amygdala. The methodological differences between the study by Kong et al. (2008) and our study are manyfold, the most important one being that we investigated long-term rather than short-term intrasession effects and that the relative hyperalgesic effect in our study relied exclusively on the verbal information as opposed to conditioning.
Until now, there was sparse evidence whether long-term processes (e.g., habituation over days) may be distracted by a psychological intervention and what brain regions correspond to this. In our study, behavioral data and brain activation were significantly different between groups, depending on whether the negative context was introduced or not. What is even more important is that the instruction was only given once at the first day of the investigation, and that it was specifically designed to refer to a situation not in the present but some days in the future. Although the pain paradigm was kept strictly constant at all days, the negative expectation modulated, just as instructed, the perception of pain along the way and the pain experience between both groups became significantly different after nearly a week, on day 6.
In all probability, placebo information that pain sensation is expected to decrease over time in this experiment would have led to an even stronger effect of habituation than the natural development (our unpublished data). Clinically, this information is highly relevant, given that clinical pain specialists are regularly asked about the natural course of a painful disease. Physicians have to bear in mind that uncareful nocebo information may have significant consequences at a much later time point. It has also implications for experimental pain studies, given that information presented at the beginning of a pain experience may modulate the outcome and processing of pain in the future. Simply telling the subjects that the aim of a given study is to understand mechanisms for chronification or reduction of pain could raise an expectation toward increased or reduced pain perception. Such instructions are usually not intentional and therefore not reported in the experimental protocol.
